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Abstract
Reversion of the reduction of thermoremanent magnetization in a zero magnetic field is commonly 
observed for two different kinds of Heisenberg spin glasses, a dilute magnetic alloy Cu97Mn3 and a 
frustrated spinel oxide ZnFe2O4, when the temperature is reheated/recooled back to the aging 
temperature in modified memory-dip experiments. This unexpected phenomenon indicates that the spin 
configurations altered at the other temperatures are spontaneously restored to the previously stabilized 
ones when the temperature returns to the original. Whereas such a restoration does not occur in a multi-
valley structure of energy landscape, it is possible temperature-sensitive funnel-like structure. This 
finding thus gives a fresh insight into the nature of spin glasses.
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1 Introduction
Spin-glass has been one of the most-studied glassy systems; consequently, various hypothetical 
models have been theoretically proposed till now [1-3]. On the other hand, little is experimentally known 
regarding the equilibrium state of spin-glass, because non-equilibrium relaxations continue throughout 
experiments over a period of weeks. For this reason, the models can be verified only by comparing their 
prediction for non-equilibrium relaxations with experimental results. In this context, many articles have 
been devoted to the study on slow dynamics of spin glasses [1-6]. Consequently, it has been clarified 
that coexistence of aging, rejuvenation, and memory effects observed in memory-dip experiments is 
peculiar to spin-glass [7, 8]. Therefore, these effects have been considered as a key to settle long-
standing controversies regarding nature of spin glass. The results obtained by the standard memory-dip 
experiments seems consistent with the stereotypical view of glassy systems: frozen state in multi-valley 
structure of energy landscape [9, 10]. Our recent studies, however, show that there is room for further 
investigation [11-14].
In this paper, experimental results obtained by the modified memory-dip experiments for
thermoremanent magnetization are reported for conventional and unconventional Heisenberg spin 
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2glasses, and discuss the universal nature of spin glasses. As a typical conventional Heisenberg spin glass, 
a dilute magnetic alloy Cu97Mn3 is investigated here because numerous studies have been made on this 
material over the past few decades [1-3]. In contrast, various kinds of unconventional spin glasses have 
been known [1-3]. But recently, “topological” spin glasses observed in geometrically frustrated magnets
are receiving a lot of attention, although it is uncertain whether or not the spin-glass-like behavior is 
intrinsic to perfect single crystals without structural or chemical defects [14]. Apart from this tough
issue, this behavior is significantly interesting since the density of the interacting spins is much higher 
than the percolation limit in marked contrast to conventional spin glasses. For this reason, a cubic spinel-
type frustrated magnet ZnFe2O4 with the spin-glass-like behavior is studied here as an unconventional 
Heisenberg spin glass.
2 Experimental
Two kinds of Heisenberg spin glasses have been prepared for universality of our discussion. As a 
conventional Heisenberg spin glass, I synthesized a dilute magnetic alloy Cu97Mn3 using a standard arc-
melting technique [13], while I prepared a geometrically frustrated spinel oxide ZnFe2O4 using an 
ordinary solid-state reaction as an unconventional Heisenberg spin glass [14]. The spin glass transition 
temperatures, Tg, of Cu97Mn3 and ZnFe2O4 were 20.6 K and 20 K, respectively [13, 14].
In the memory-dip experiments, these samples were firstly cooled in magnetic field H from 40 K 
(paramagnetic state) to Ta = 15 K, then they were isothermally pre-equilibrated for aging period ta at Ta
in H. The point of the modification at this stage is sufficient extensions of ta, typically over 10 ks. We 
can easily find the difference if the standard protocol shown in Fig. 1(b) is compared with the modified 
protocol exemplified in Fig. 2(c). Next, the samples were cooled to Ts (Ts < Ta < Tg) immediately after 
the aging period and H was cut off at Ts at t = 0. Then, the thermoremanent magnetization TRM was 
recorded during continuous heating from Ts at regular temperature intervals. In this study, in addition to 
such standard protocols, the original thermal history converse to the standard one was also employed as 
exemplified in Fig. 3(c): the sample was heated to Ts (Ta < Ts < Tg) immediately after the aging period 
and H was cut off at Ts. Then, TRM was recorded during continuous cooling scan from Ts. To sum up, 
the modifications are sufficient extensions of ta and an addition of the original thermal history.
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3 Results and discussion
3.1 Standard memory-dip experiments 
First of all, it is helpful to show the results obtained by the standard memory-dip experiment and 
their conventional interpretation. Figure 1 shows TRM of Cu97Mn3 recorded on the continuous reheating 
from Ts = 5 K, where the result in the case with an aging ta = 3 ks at Ta = 15 K is compared with that
without aging. We can find that TRM decreases in a zero magnetic field as the system is heated up. The 
reduction rate of TRM for ta = 3 ks is almost the same as ta = 0 below 13 K. In other words, in the 
temperature range well below Ta, the system relaxes as if it had never experienced aging at Ta
(rejuvenation). On the other hand, the reduction for ta = 3 ks seems slowdown in the vicinity of Ta, while 
TRM for ta = 0 continuously decreases in this temperature range. In other words, there is a memory of 
the pre-equilibration at Ta. When the temperature becomes higher than 16.5 K, the two curves are 
superimposed again.
The interpretation of these properties has been conventionally given by the rugged energy landscape
with numerous valleys separated by energy barriers with various heights in the spin configuration space
[9, 10]. In this multi-valley structure, the thermally activated relaxations at Ta actually occur only for 
the barriers whose heights 'Ei are comparable to the thermal energy kBTa, because the existence 
probability between the valleys separated by the lower barriers is immediately equilibrated, whereas the 
transition probability is almost zero for the higher barriers. Consequently, the existence probability is 
gradually localized into deeper valleys among the valleys separated by barriers with 'Ei a kBTa in the 
aging period. At lower temperatures, the relaxations via the lower barriers are activated independent of 
the prior equilibration in the aging period. This is the rejuvenation in this interpretation. On the other 
hand, the relaxations via the barriers with 'Ei a kBTa are reactivated when the system is reheated to Ta.
In this case, the slowdown of the relaxations can be expected at Ta if the existence probability is already 
localized in the deeper valleys in the previous aging period. This is the possible mechanism of the 
memory effects.
Fig. 1 Variation of TRM for Cu97Mn3 on continuous reheating from Ts = 5 K in a zero magnetic 
field after H = 100 Oe was removed at Ts. The triangles indicates TRM in the case that sample was
isothermally pre-equilibrated for aging period ta = 3 ks at Ta = 15 K in H beforehand, while the solid 
line shows TRM without aging. The history of the temperature and magnetic field is shown in (b). 
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43.2 Modified memory-dip experiments 
Figure 2(a) shows TRM of Cu97Mn3 recorded on the continuous reheating, where various ta including 
an extended one of 100 ks were used. We can find that TRM after ta = 100 ks increases in the vicinity of 
Ta, despite absence of magnetic field. This increase cannot be attributed to any reversible components, 
because there is no magnetic field. Therefore, we should say that what occurs in the vicinity of Ta is not 
a slowdown of the relaxation but a reversion of the relaxation. In other words, a spin configuration with
high magnetization is constructed without magnetic field only when the temperature returns to Ta where 
a magnetized configuration is pre-equilibrated in H. It is reasonable to consider that the spin 
configuration demagnetized at the low temperatures is spontaneously restored to the pre-equilibrated 
one. Such increases of TRM at H = 0 are also observed for ZnFe2O4 as ta is extended, as shown in Fig. 
3 (a). For this reason, the reversion of the relaxation when the system is reheated to Ta is a common 
feature of the memory effect in the two different spin glasses. It is interesting that the same kind of 
increase in TRM can be seen when ZnFe2O4 was recooled from Ts = 17 K to Ta in the zero magnetic 
field, as shown in Fig. 3 (b). In other words, the reversion of the relaxation occurs at Ta even after 
relaxation at the temperatures higher than Ta. For TRM for Cu97Mn3 on recooling, such an increase can 
be confirmed when the temperature is recooled to Ta, as shown in Fig. 2 (b). Thus we can say that, for 
the both samples, the memory of the aging can also remain after the thermal history at the higher
temperatures.
Before turning to the discussion, we must draw attention to the dependence of this phenomenon on 
Ts, because it is interesting whether or not the memory disappears when the system is equilibrated at 
different temperatures. For Cu97Mn3, it was found that the dependence TRM at Ta on ta decreases with 
increasing Ts from 15.5 K to 17 K and becomes comparable to the experimental errors at 17 K. It is, 
however, impossible to show evidence of complete disappearance. Furthermore, the systematic study 
on the dependence is difficult because the sweep rate of the temperature cannot be infinite. Therefore, I 
Fig. 2 Variation of TRM for Cu97Mn3 in a zero magnetic field (a) on continuous reheating from 
Ts = 5 K after H = 100 Oe was removed at Ts and (b) on continuous recooling from Ts = 15.5 K after 
H was removed at Ts. The sample was isothermally pre-equilibrated for various aging periods ta at 
Ta = 15 K in H beforehand. The sweep rates of the reheating/recooling were 1 K/min. The history 
of the temperature and magnetic field in the case of ta = 100 ks in (a) is shown in (c) as an example.
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leave the matter open and concentrate on the new finding that the reversions of relaxations occur on 
returning to Ta after the relaxations at the temperatures lower/higher than Ta.
First point to be discussed is whether or not these new results observed by the modified experiments 
can be explained by the simple multi-valley structure where the probability density localized into deeper 
valleys among the valleys separated by barriers with 'Ei a kBTa in the aging period is easily redistributed 
at the higher temperatures Ts > Ta, whereas it can be preserved at the lower temperatures Ts < Ta. Hence, 
we can expect memory effects only after temporary cooling. However, the presently observed results 
are not the case.
Next, we must note that the probability density is almost preserved if the temperature increase is 
small enough. In this case, a kind of memory effect is possible even after temporary heating. Let us 
recall that TRM decreases in the vicinity of Ts = 17 K, as indicated by the open squares in Fig. 3(b). This 
shows the spin configuration changes during the temporary heating. In other words, part of the 
probability moves to the other valleys in the energy landscape of the spin configuration space. In this 
context, the increase of TRM in the zero magnetic field on returning to Ta can be considered as the 
restoration to the pre-equilibrated spin configuration, as discussed above. This restoration corresponds 
to a spontaneous return to the original valley in the energy landscape. In the multi-valley structure, such 
returns hardly occur because of coexistence of many other deep valleys. It is no surprise that the 
observed alteration and restoration of the spin configuration cannot be explained by the stereotypical
view of the memory: the preservation of the metastable spin configuration. The same line of argument 
can be applied to the discussion on the increase of TRM after the temporary cooling. As discussed here,
the simple multi-valley structure seems not suitable for the interpretation of the new characteristics 
found by the modified experiments.
At this stage, it may be helpful to recall the ghost domain scenario of the droplet picture [15], where
only one equilibrium spin configuration (and its spin-reversed counterpart) exists at each temperature; 
however, this configuration is fairly sensitive to temperature. This scenario would be equivalent to a
funnel-like structure with two global minima, whose locations entirely changes with cooling/heating, in 
Fig. 3 Variation of TRM for ZnFe2O4 in a zero magnetic field (a) on continuous reheating from 
Ts = 5 K after H = 3 Oe was removed at Ts and (b) on continuous recooling from Ts = 17 K after H
was removed at Ts. The sample was isothermally pre-equilibrated for various aging periods ta at Ta
= 15 K in H beforehand. The sweep rates of the reheating/recooling were 0.5 K/min. The history of 
the temperature and magnetic field in the case of ta = 30 ks in (b) is shown in (c) as an example.
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6the energy landscape. In this case, the rejuvenation also occurs when the system is cooled/heated after 
the aging, because the location reached by the aging at Ta becomes away from the global minima at the 
new temperature; this leads to fresh relaxations as the initial quench from the paramagnetic state. 
Furthermore, a spontaneous return can be expected when the temperature goes back to Ta, since the
global minima return to the original. In summary, the predictions derived from a temperature-sensitive
funnel-like structure are well consistent with the results observed for two different kinds of Heisenberg 
spin glasses using the modified memory-dip experiments.
4 Concluding remarks
In the stereotypical view, spin glasses have been simply considered as a kind of frozen state in multi-
valley structure of energy landscape. It can be, however, shown that the increases in TRM after 
reheating/recooling in the modified memory-dip experiments do not occur if the spin glass is simply 
frozen, but it is possible in an energy landscape with a temperature- sensitive funnel-like structure of 
energy landscape. This explanation agrees well with the ghost domain scenario of the droplet picture. 
This finding has thus provided fresh insight into the understanding of the universal nature of spin glasses.
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